We show that states of systems which, in a very general sense, are approximately localized at time t =0 in a finite region, with exponentially bounded tails outside, violate Einstein causality at later times. Implications are discussed.
Einstein causality means no propagation faster than the speed of light. Some time ago the present author' proved a theorem that a particle which at t = 0 is localized with probability 1 in a finite volume of space immediately develops infinite "tails, " irrespective of the particular notion of localization, be it in the sense of Newton-Wigner or others. For the Newton-Wigner case this phenomenon had already been observed previously, and it also occurred in some models in which localization was expressed by means of a current density four-vector. 3 Later, an alternative proof of the theorem of Ref. 1 was given, and it was extended to relativistic systems5 and to quite general interactions. 6 The upshot of Ref. 6 was that this acausal behavior of strictly localized states is already entailed by very weak assumptions on the energy-momentum spectrum, by not much more than positivity of the energy. At that time the obvious way of these difficulties with casuality was, of course, to assume that such a strict localization is not possible, that every particle already has tails, exponential say, to begin with. This would imply, for example, that no self-adjoint position operator exists, a consequence one could live with.
In this paper I show that the situation for localization and causality is more complicated than previously thought. I will demonstrate that also relativistic particles or systems with exponentially bounded tails at t = 0 violate Einstein causality at later times. Some of the questions this result raises will be discussed at the end of the paper. (2) and (4) is physically more appealing and uses more basic principles of quantum mechanics.
Violation of Causality
.I -will now prove the following theorem: A relativistic particle or system which at t = 0 is localized with exponentially bounded tails (k = 1 and K2 & 2m for a particle, k = 2 for a system) violates causality at later times.
We first consider a free particle of mass m «0 and arbitrary spin, which has exponentially bounded tails.
We will show that the assumption of finite propagation speed c' will lead, through Eq. (4) If a system has exponentially bounded tails at t =0 then, with finite propagation speed, it should still have such tails at later times, only shifted further out to infinity. As I have shown above this cannot be the case.
Hence the state ("wave packet") spreads out to infinity faster than allowed by finite propagation speed. Conceivably, such a behavior might then also occur for systems which have only powerlike tails in their localization.
A possible way out of these difficulties may be to assume that states of particles or systems with exponentially bounded tails do not exist in the theory. But what if one had a similar behavior for powerlike tails?
Another way out might be to assume that such welllocalized states require infinite energy to prepare, i.e. , that the expectation value of 0 is infinite. This is a question that can be answered only in definite models, but to judge from the fact that already the NewtonWigner position operator has states of finite energy which are strictly localized in bounded regions this seems not to be a very likely general possibility. (4') below. With a self-adjoint position operator, N( V) would just be the projector in its spectral decomposition belonging to V.
